1. Introduction {#sec1-genes-11-00432}
===============

Bacteria are exposed to various environmental stresses against which the cell wall has to provide protection, while also maintaining the cell shape. Intracellular symbiotic bacteria need to survive both inside and outside the host, which can create the need for cell wall modifications. The cell walls of Gram-positive bacteria are characterized by a ca. 30 nm thick peptidoglycan (PG) layer. As a much thinner layer in the cell wall, PG can also be found in Gram-negative bacteria (3--6 nm), cyanobacteria (10 nm), and moss chloroplasts (5 nm) \[[@B1-genes-11-00432],[@B2-genes-11-00432],[@B3-genes-11-00432],[@B4-genes-11-00432]\]. PG is synthesized by the activity of Mur ligases, which add a number of amino acids to UDP-N-acetylmuramic acid to connect different strands. In a series of ATP-dependent reactions, L-alanine (*MurC*), D-glutamate (*MurD*), L-lysine (*MurE*), and D-alanyl-D-alanine (*MurF*) are added sequentially. The precise sequence of the reactions catalysed by these enzymes was reviewed by Barreteau et al. \[[@B5-genes-11-00432]\] and tested in *Mycobacterium tuberculosis* \[[@B6-genes-11-00432]\], as they represent an interesting target for antibiotic drug discovery. Several reports on the activity of Mur ligases have been published for non-pathogenic bacteria. In the cyanobacterium *Anabena* sp., *murC* and *murB* play an important role in heterocyst differentiation \[[@B7-genes-11-00432]\]. Although, so far, PG layers have not been identified for the chloroplasts of Spermatophyta, it is known that *Arabidopsis thaliana* contains a copy of *murE,* and the mutation of this gene leads to the reduced chlorophyll content of leaves, indicating an essential role of *murE* for chloroplast development \[[@B8-genes-11-00432]\]. Yet, a *murE* mutant of the moss *Physcomitrella patens* could be complemented with a cyanobacterial *murE* gene, but not with Arabidopsis *murE,* indicating functional divergence. At any rate, the occurrence of Mur ligase genes in diverse eukaryote genomes from green algae to angiosperms have made them the subject of study into plastid development, endosymbiosis, and the multiple events of horizontal gene transfer (HGT) that led to the evolution of land plants.

*Frankia* is a genus of nitrogen-fixing soil actinobacteria. They engage in root nodule endosymbiosis with a diverse group of host plants within the orders of the Fagales, Rosales, and Cucurbitales, collectively referred to as actinorhizal plants (reviewed by Pawlowski and Demchenko \[[@B9-genes-11-00432]\]). The genus can be split into four phylogenetically distinct clades, known as cluster-1 to cluster-4; the first three clusters contain the symbiotic strains \[[@B10-genes-11-00432]\]. The phylogenetic relationships between the clusters has been a point of discussion based on use of single marker genes \[[@B11-genes-11-00432],[@B12-genes-11-00432]\], but recent studies using multiple phylogenetic markers or the core genome have shown that cluster-2 is the earliest divergent symbiotic clade \[[@B13-genes-11-00432],[@B14-genes-11-00432],[@B15-genes-11-00432],[@B16-genes-11-00432]\]. Strains belonging to cluster-2 have a particular low saprotrophic potential. Within cluster two, so far, only two strains could be grown in culture, namely: *Frankia coriariae* BMG5.1 \[[@B17-genes-11-00432]\] and the closely related strain BMG5.30 \[[@B18-genes-11-00432]\]. Recent studies on the *Frankia* genome sequences isolated from whole nodules, or from *Frankia* vesicles isolated from nodules, have led to the elucidation of the phylogeny of cluster-2 and the identification of several lineages within this cluster \[[@B13-genes-11-00432],[@B14-genes-11-00432],[@B15-genes-11-00432]\]. Analysis of these genomes revealed that *murC,* encoding the enzyme that adds L-alanine as the first amino acid to UDP-N-actetylmuramic acid in the course of cell wall PG biosynthesis, was present in two divergent copies in all of the genomes of the *Frankia* cluster-2 strains available.

No gene duplication has been reported for *murC* thus far. Therefore, we were interested in the function and the origin of both *murC* copies. The presence of two copies of a given gene in a genome can be explained via two different scenarios. One scenario is gene duplication (reviewed by Hurles \[[@B19-genes-11-00432]\]), which can occur through non-homologous recombination or through retrotransposition. If the newly acquired copy of the gene becomes fixed, three options are possible. First, either one of the copies can lose its function and become a pseudogene. Second, one of the copies can gain a new function, a process referred to as neofunctionalization. Third, the gene function can be split over the two copies, referred to as subfunctionalization. In this case, normally, the two genes are expressed under different conditions. The other scenario to explain two copies of a given gene in the genome would be horizontal gene transfer (HGT). For example, the intracellular accommodation of cyanobacteria led to HGT events between the cyanobacteria and host, ultimately leading to the evolution of the plastid, although the origin of the plastid envelope is not yet fully understood \[[@B20-genes-11-00432]\]. In other words, the second copy of *murC* in *Frankia* could have been acquired through HGT, either from another soil bacterium or from the host plastid via the host nucleus.

This study aimed to answer the questions if one of the two *Frankia murC* copies originated from gene duplication or from HGT, and whether there is evidence for subfunctionalization. A thorough a phylogenetic analysis of *Frankia* MurC proteins revealed that the strains from cluster-2 and cluster-3 contained two types of MurC, MurC1 and MurC2, while the strains from cluster-1 and cluster-4 contained only MurC2. Protein structural modelling was performed for different types of *MurC* in order to analyse the structural conservation between the proteins, and the expression of the two versions of *murC* was studied in representatives of cluster-2 and cluster-3 using RT-qPCR.

2. Materials and Methods {#sec2-genes-11-00432}
========================

2.1. Biological Material {#sec2dot1-genes-11-00432}
------------------------

The expression of *murC1* and *murC2* was analysed in the nodules of *Datisca glomerata* (C. Presl) Paill. induced by *Candidatus* Frankia californiensis Dg2 \[[@B21-genes-11-00432]\] and by *Candidatus* Frankia datiscae Cm1 \[[@B14-genes-11-00432]\], respectively. It was analysed in the nodules of *Coriaria nepalensis* Wall. induced by *Candiatus* Frankia datiscae Dg1 \[[@B15-genes-11-00432]\], in the nodules of *Coriaria arborea* Linds. induced by *Candidatus* Frankia meriodionalis Cppng1 \[[@B14-genes-11-00432]\], and in the nodules of *Coriaria myrtifolia* induced by *Frankia coriariae* BMG5.1 \[[@B17-genes-11-00432]\]. The expression was also analysed in the nodules of *Discaria trinervis* (Gillies ex hook.) Reiche induced by *Frankia discariae* BCU110501 \[[@B22-genes-11-00432]\]. Plants were germinated from seeds and grown in a greenhouse under a 16/8 h light/dark regime at 23/18 °C. Plants were supplied with a quarter strength Hoagland's solution with 10 mM KNO~3~ \[[@B23-genes-11-00432]\] once a week, and with deionized water twice a week. Eight weeks after germination, the plants were inoculated with crushed nodules of *D. glomerate,* which were then used for the propagation of Dg1, Dg2, and Cm1, separately. Crushed nodules of *C. arborea* induced by Cppng1 \[[@B14-genes-11-00432]\] were used for inoculation with Cppng1. For inoculation with *F. coriariae* BMG5.1 \[[@B17-genes-11-00432]\] and *F. discariae* BCU110501 \[[@B22-genes-11-00432]\], in vitro cultures of *Frankia* were used, which had been grown in a BAP medium without nitrogen \[[@B24-genes-11-00432]\], adjusted to pH 9 for BMG5.1, at 28 °C for 35 and 28 d, respectively. For inoculation, the cells were pelleted and washed twice with sterile double-distilled H~2~O. At the time of inoculation, the washed root systems of the plants were evaluated to confirm that no plant was already nodulated. After inoculation, plants were supplied once per week with a quarter Hoagland's medium without nitrogen, and twice a week with deionized water. Nodules of *D. glomerata* were harvested twelve weeks after inoculation, while nodules of *C. arborea, C. myrtifolia,* and of *D. trinervis* were harvested four months after inoculation. The nodules were frozen in liquid nitrogen and stored at −80 °C.

Cultures of *F. discariae* BCU110501 grown in a BAP medium were used for the analysis of the expression levels of *murC1* and *murC2* in vitro.

2.2. Gene Expression Analysis using Real-Time Quantitative PCR (RT-qPCR) {#sec2dot2-genes-11-00432}
------------------------------------------------------------------------

Primer pairs were designed for the consensus region of *murC1* and for the consensus region of *murC2* for Dg1, Dg2, and BMG5.1, while separate primer pairs were designed for Cppng1 and for BCU110501. All of the primers were designed using Primer3, available on Benchling with standard settings (Benchling Biology Software \[[@B25-genes-11-00432]\]); a list of all of the primers used in this study is provided in [Supplementary Table S1](#app1-genes-11-00432){ref-type="app"}. RNA isolation, gDNA digestion, cDNA synthesis, and RT-qPCR analysis were performed as described previously \[[@B14-genes-11-00432]\]. The gene encoding translation initiation factor three (IF-3), *infC,* was used as a reference gene to normalize the expression data \[[@B14-genes-11-00432],[@B26-genes-11-00432]\]. An unpaired two-tailed Student's *t*-test was used to test if the copies were expressed at significantly different levels. The statistical analysis and data visualisation were performed in RStudio (RStudio team \[[@B27-genes-11-00432]\]).

2.3. Phylogenetic and Synteny Analysis {#sec2dot3-genes-11-00432}
--------------------------------------

All of the *murC* gene sequences of plants and bacteria, publicly available in the NCBI GenBank ([www.ncbi.nlm.nih.gov/genbank](www.ncbi.nlm.nih.gov/genbank)) database, were selected for the calculation of a phylogenetic tree. Amino acid sequences of both MurC1 and MurC2 were taken from *Frankia* cluster-2 strains and were used for identifying homologous sequences using blastP. *Frankia* protein sequences were taken from GenDB \[[@B28-genes-11-00432]\] and the JGI database \[[@B29-genes-11-00432]\]. Angiosperm and cyanobacterial sequences were taken from GenBank. Liverwort, hornwort, moss, fern, and conifer sequences were taken from the 1KP database ([www.oneKP.com](www.oneKP.com) \[[@B30-genes-11-00432],[@B31-genes-11-00432],[@B32-genes-11-00432]\]). Additional bacterial sequences were taken from the UniProt database; here, only the reviewed sequences were selected. All of the sequences were used for a blastP search against the GenBank database to confirm MurC identity. All of the sequences used are given in [Supplementary Table S2](#app1-genes-11-00432){ref-type="app"}.

First, multiple alignment for all protein sequences of the *murC* genes were created using the CLUSTAL Omega algorithm with 25 iterations and were trimmed using UGene \[[@B33-genes-11-00432],[@B34-genes-11-00432]\]. The model of substitution was predicted using ModelTest-NG on the CIPRES portal \[[@B35-genes-11-00432]\]. The phylogenetic tree was constructed using RAxML on the CIPRES portal with predefined settings, using the LG model of amino acid evolution and with 250 bootstrap iterations \[[@B35-genes-11-00432]\].

The *murC* synteny in *Frankia* genomes was studied in the GenDB database for the genomes of cluster-2 strains, and in the JGI database for the genomes of cluster-1, -3, and -4 strains.

2.4. Sequence Similarity Analysis {#sec2dot4-genes-11-00432}
---------------------------------

Based on the phylogenetic tree, the amino acid sequence data were split into seven major groups, as follows: Gram-positive bacteria (genera *Streptomyces, Thodococcus, Mycolicibacterium, Mycobacterium, Corneybacterium, Saccharopolyspora, Saccharamonospora,* and *Bifidobacterium*); *Frankia* MurC1, *Frankia* MurC2, plants (vascular plants and Bryophyta); *Chlamydia* and cyanobacteria (genera *Gloeomargarita, Thermosynechococcus, Cyanobacterium, Nostoc, Gloeothece, Synechococcus,* and *Prochlorococcus*); Gram-negative bacteria (genera *Goeobacter, Shewanella, Buchnera, Samonella, Vibrio, Pseuodomonas, Burkholderia, Rickettsia, Bradyrhizobium, Sinorhizobium, Rhizobium,* and *Mesorhizobium);* and a group containing the genera *Campylobacter, Helicobacter,* and *Thermotoga* (abbreviated TheCaHe). For each group, the consensus sequence was determined at a 75% similarity threshold using UGene, and a heatmap was visualized for the consensus sequences using the packages *seqir* and *heatmaply* in RStudio \[[@B27-genes-11-00432]\]. An interactive heatmap with all of the sequences used individually is given in [Supplementary Figure S1](#app1-genes-11-00432){ref-type="app"}.

2.5. Tetranucleotide Frequency {#sec2dot5-genes-11-00432}
------------------------------

IslandViewer 4 \[[@B36-genes-11-00432]\] integrates genomic island predictions from multiple methods---IslandPath-DIMOB based on nucleotide bias and the presence of mobility genes, SIGI-HMM based on codon usage bias with a Hidden Markov Model approach, IslandPick based on a comparative genomics approach and the previously published Islander database, a fourth highly precise method that specifically predicts GIs integrated into tRNAs and tmRNAs with a precise definition of boundaries.

2.6. Protein Modelling {#sec2dot6-genes-11-00432}
----------------------

A MurC model was built for each group using SWISS-MODEL \[[@B37-genes-11-00432],[@B38-genes-11-00432],[@B39-genes-11-00432],[@B40-genes-11-00432],[@B41-genes-11-00432]\]. Because of the variation of sequences making up the outgroup, no protein was modelled for the TheCaHe group. The best model for each group was selected, and the different models were compared in 3D using the Dali server \[[@B42-genes-11-00432]\] and using the crystal structure of *Haemophilus influenzae* as a template (PDB id:1P31 \[[@B43-genes-11-00432]\]). The conservation within each group was visualised using Consurf \[[@B44-genes-11-00432],[@B45-genes-11-00432],[@B46-genes-11-00432]\], which was also used to compare the protein structure between the different groups.

3. Results {#sec3-genes-11-00432}
==========

3.1. Synteny Analysis Indicates Differences in Gene Organization of murC in the Four Frankia Clusters {#sec3dot1-genes-11-00432}
-----------------------------------------------------------------------------------------------------

[Figure 1](#genes-11-00432-f001){ref-type="fig"} shows the organisation of the different copies of *murC* in the genomes of *Frankia* strains from the four different clusters, with *murG* as a reference. Only the strains from cluster-2 and -3 contain two copies of *murC, murC1* and *murC2,* while the strains from cluster-1 and -4 contain only one copy, *murC2.* The organisation of the two copies differs in cluster-2 from that in cluster-3. While in the genomes of the cluster-2 strains, the two copies have the same orientation and might be organised in an operon together with *murG* (ca. 100 bp between *murC2* and *murC1),* in the genomes of the cluster-3 strains, *murC1* and *murC2* show opposite orientations, and a bioinformatically predicted open reading frame (ORF) encoding a nitroreductase family deazaflavin-dependent oxidoreductase, sharing the orientation of *murC2*, is present between both genes. The same ORF can also be found between *murG* and *murC2* in the genomes of the *Frankia* strains from cluster-1.

3.2. Consensus Amino Acid Sequences of Frankia MurC2 Shows Higher Similarity to MurC from Plants than from other Actinobacteria {#sec3dot2-genes-11-00432}
-------------------------------------------------------------------------------------------------------------------------------

The amino acid sequences of MurC from various other species were used to build a maximum-likelihood phylogenetic tree ([Supplementary Figure S2](#app1-genes-11-00432){ref-type="app"}). The backbone of the resulting tree allowed for distinguishing the following five different groups: MurC homologs from Gram-positive bacteria (I) in which *Frankia* MurC1 (Ia) proteins are embedded; a branch comprising plant MurC sequences (IIa) and *Frankia* MurC2 (IIb); a branch with the MuC proteins from cyanobacteria (III) and one for Gram-negative bacteria (IV); and last group containing sequences from *Campylobacter, Helicobacter,* and *Thermotoga* (referred to as TheCaHe (V)). Consensus sequences were generated for the different groups using UGENE (alignments are shown in [Supplementary Figure S3](#app1-genes-11-00432){ref-type="app"}). A heatmap was generated to visualise the distance similarity matrix of the consensus sequence for each of the groups ([Figure 2](#genes-11-00432-f002){ref-type="fig"}), as well as for all of the analysed sequences separately (interactive [Supplementary Figure S1](#app1-genes-11-00432){ref-type="app"}). The consensus sequence of *Frankia* MurC1 showed the highest similarity with the consensus of MurC from other actinobacteria (62%), while the consensus sequence of *Frankia* MurC2 displayed the highest similarity with the consensus sequence of MurC from plants (63%). The amino acid similarity between the consensus sequences of *Frankia* MurC1 and MurC2 was at 46%, while the similarity of either consensus sequence compared with the consensus sequence of Gram-negative bacteria, cyanobacteria, or CaHeFra, individually, was below 57%.

3.3. No Sequence Evidence for Horizontal Gene Transfer (HGT) could be Found {#sec3dot3-genes-11-00432}
---------------------------------------------------------------------------

The similarity of MurC2 with plant MurC proteins suggested the possibility of HGT. Therefore, IslandViewer \[[@B36-genes-11-00432]\] was used to identify the genomic islands (GIs), commonly defined as clusters of genes of a probable horizontal origin in microbial genomes. However, GC content analysis and tetranucleotide analysis ([Supplementary Figure S4](#app1-genes-11-00432){ref-type="app"}) could not confirm the HGT hypothesis. Nevertheless, keeping in mind that if the copy was acquired by HGT, this had to have taken place at least 100 Mya \[[@B47-genes-11-00432]\], which means sufficient time passed for the codon adaptation of the copy to the genome. In summary, the HGT hypothesis could be neither confirmed nor disproven.

3.4. Protein Modelling Reveals Little Structural Difference among Different Groups of MurC Sequences {#sec3dot4-genes-11-00432}
----------------------------------------------------------------------------------------------------

While the amino acid sequence similarity between the MurC1 and MurC2 proteins was low, the modelling of the proteins revealed little structural differences ([Figure 3](#genes-11-00432-f003){ref-type="fig"}). Most of the protein models (illustrated in yellow and orange) could be aligned to each other and to the crystal structure of *Haemophilus influenzae* MurC (given in green, [Figure 3](#genes-11-00432-f003){ref-type="fig"}). The amino acid sequences close to the substrate-binding site showed the highest conservation (given in magenta and indicated by an arrow, [Supplementary Figure S5](#app1-genes-11-00432){ref-type="app"}), while the least conservation was found outside of the active sites of the enzyme (illustrated in blue, [Supplementary Figure S5](#app1-genes-11-00432){ref-type="app"}).

3.5. Gene Expression Data Shows Differential Expression of murC1 and murC2 in Frankia Cluster-2 in Nodules, but not in Frankia Cluster-3 {#sec3dot5-genes-11-00432}
----------------------------------------------------------------------------------------------------------------------------------------

In order to determine whether either *murC1* or *murC2* was preferentially expressed in symbiosis, the relative expression levels of *murC1* and *murC2* were studied in nodules induced by cluster-2 strains; as these strains have not been able to be cultivated thus far, their expression levels under non-symbiotic conditions could not be analysed. For the cluster-3 strain *Frankia discariae* BCU110501, the expression levels of *murC1* and *murC2* were compared in the nodules as well as in nitrogen-fixing in vitro cultures ([Figure 4](#genes-11-00432-f004){ref-type="fig"}). Overall, *murC2* was found to be expressed at significantly higher levels than *murC1* in the nodules induced by the cluster-2 strains belonging to different uncultured species, i.e., *Candidatus* Frankia datiscae Dg1, *Candidatus* F. datiscae Cm1, *Candidatus* Frankia californiensis Dg2, and *Candidatus* Frankia meridionalis Cppng1, as well as in *Frankia coriariae* BMG5.1 \[[@B13-genes-11-00432],[@B14-genes-11-00432],[@B15-genes-11-00432],[@B17-genes-11-00432],[@B22-genes-11-00432]\]. In the only cluster-3 strain examined, *F. discariae* BCU110501, no significant differences between the expression levels of the two genes could be found either in the nodules or in the culture.

4. Discussion {#sec4-genes-11-00432}
=============

The genomes of the *Frankia* strains from cluster-2 and cluster-3 contain two types of *murC, murC1* and *murC2,* while the genomes of the cluster-1 and cluster-4 strains only contain *murC2.* As the analysis included seven cluster-1 genomes and four cluster-4 genomes, the possibility that *murC1* was missed every time because of insufficient coverage can be excluded. Furthermore, both genes are linked in cluster -1 and cluster-3; so, missing one of them repeatedly would be even more unlikely. Based on the sequence comparisons and phylogenetic analysis, MurC1 is more similar to MurC of other Gram-positive bacteria, including actinobacteria, and should therefore be considered as the ancestral type of *Frankia* MurC. As cluster-2 represents the earliest divergent symbiotic cluster \[[@B13-genes-11-00432],[@B14-genes-11-00432],[@B15-genes-11-00432],[@B16-genes-11-00432],[@B17-genes-11-00432]\], it can be concluded that the second type, *murC2*, which is present in all *Frankia* genomes available, was acquired by the common ancestor and maintained in the strains from all four clusters. The phylogeny of MurC2 supports the position of cluster-2 as the earliest divergent cluster, contradicting previous results \[[@B15-genes-11-00432]\], which can be explained by the lack of differentiation between *murC1* and *murC2* in the earlier analysis. Interestingly, the amino acid sequences of *Frankia* MurC2 shows more similarity to the sequences of plant MurC than to the MurC sequences taken from other bacteria. Similarly, in the phylogenetic tree, *Frankia* MurC2 and plant MurC appear as sister groups. Two scenarios are possible to explain these results.

First, *murC2* could have been acquired via HGT by the common *Frankia* ancestor from an unidentified source. This should have preceded the evolution of the actinorhizal root nodule symbiosis and the separation between symbiotic and non-symbiotic strains. It is assumed that root nodule symbioses evolved ca. 100 Mya, and that *Frankia* strains were the original microsymbionts \[[@B47-genes-11-00432]\]. The fact that MurC2 shows a higher similarity to plant than bacterial MurC sequences would be consistent with a close relationship between future host plants, and *Frankia* as a precondition for the evolution of an intracellular symbiosis. However, if *murC2* was acquired from the future plant host, it would be expected to find the highest similarity with angiosperm MurC sequences, which diverged from gymnosperms ca. 200 Mya. Our data do not support this. Recent studies have shown that the plant enzymes for the synthesis of chloroplast peptidoglycan, such as MurC, do not originate from cyanobacteria, but from an unknown bacterial source \[[@B22-genes-11-00432],[@B48-genes-11-00432]\]. Thus, the origin of Mur ligase genes is clearly more complex than it was assumed when the endosymbiosis hypothesis first arose. At any rate, using software for the identification of putative genomic islands, the HGT hypothesis could be neither confirmed nor disproven.

The second explanation for the presence of two types of *murC* in *Frankia* genomes is a gene duplication event. This could then have been followed by convergent evolution, which led to more similarity between MurC2 and plant MurC proteins. *Frankia* are able to grow both in soil and intracellularly in the plant during root nodule symbiosis. Within symbiosis, bacterial differentiation is steered by the plant (reviewed by Pawlowski and Demchenko \[[@B9-genes-11-00432]\]), comparable to the direction of the differentiation of chloroplasts by the host cell. The similarity of *Frankia* MurC2 to plant MurC proteins might be associated with the presence of regulatory processes, which allow for easier structural changes of the peptidoglycan required for the intracellular lifestyle. This assumption is supported by the fact that in cyanobacteria, *murC* and *murB* were found to play a role in the differentiation of nitrogen-fixing heterocysts \[[@B7-genes-11-00432]\]. However, this would not explain why members of *Frankia* cluster-4, which do not engage in symbiosis, would have retained the MurC type more similar to that of plants over the ancestral MurC type of Gram-positive bacteria. At the same time, cluster-2 strains, which have a limited saprotrophic potential \[[@B14-genes-11-00432]\], did retain both types.

Analysis of the expression levels of both *murC* types showed that in the cluster-2 strains, *murC2* was expressed at higher levels than *murC1*. Based on their organisation within the genome ([Figure 1](#genes-11-00432-f001){ref-type="fig"}), it is possible that a weak terminator is present between the two copies in the cluster-2 genomes, resulting in lower expression levels of *murC1*. Intriguingly, in the nodules induced by a member of *Frankia* cluster-3, as well as in nitrogen-fixing cultures of the same strain, both types of *murC* were expressed at similar levels. However, it is known that MurC activity is regulated post-translationally by a Ser/Thr kinase \[[@B49-genes-11-00432]\]. Hence, it is not clear whether the transcription levels reflect the enzyme activity levels.

The synteny of the *Frankia murC* genes ([Figure 1](#genes-11-00432-f001){ref-type="fig"}) does not seem to support a common origin of *murC2.* The situation in the genomes of the cluster-1, -3, and -4 strain would be consistent with a common origin; the synteny in cluster-3 would then represent the ancestral situation, while the cluster-1 strains would have lost *murC1* and the cluster-4 strains would have lost *murC1* as well as the conserved gene. However, the synteny of *murC1* and *murC2* in the genomes of the cluster-2 strains, while supporting an origin of *murC2* by duplication of *murC1*, does not fit this pattern. In summary, if the similarity between *Frankia murC2* and plant *murC* genes is due to convergent evolution, duplication of *murC,* followed by adaptive evolution of the second copy, could have happened more than once during the evolution of *Frankia.*

Altogether, *Frankia murC1* has been replaced by *Frankia murC2* in cluster-1 and cluster-4, and is expressed at much lower levels than *Frankia murC2* in cluster-2. Thus, selection clearly favours *murC2* over *murC1* in *Frankia.* This could not be linked to differences in the protein structure, so it should be due to differences in the secondary modification.

5. Conclusions {#sec5-genes-11-00432}
==============

*Frankia* genomes can contain two types of *murC, murC1* and *murC2.* The former encodes a protein more similar to the MurC of other Gram-positive bacteria, including actinobacteria, and thus presumably represents the ancestral type of *Frankia* MurC. The presence of *murC2* in the strains of the non-symbiotic cluster-4 indicates that the origin of *murC2* predates the evolution of actinorhizal symbioses.

MurC2 shows a higher similarity with the MurC proteins from plants than from bacteria, which could be explained by HGT or by gene duplication followed by convergent evolution; detailed phylogenetic analysis involving MurC proteins from different groups of higher plants, as well as the synteny situation in *Frankia* genomes, favour the second option.

In spite of the fact that the amino acid sequences of MurC1 and MurC2 show significant divergence, *murC1* was lost in *Frankia* clusters -1 and -4, and *murC2* shows consistently higher expression levels in symbiosis in *Frankia* cluster-2, indicating selection for *murC2* over *murC1*; modelling did not show any significant structural differences between both types of MurC.
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The following are available online at <https://www.mdpi.com/2073-4425/11/4/432/s1>. Figure S1: Interactive homology heatmap of all MurC sequences used in this study. Figure S2: ML phylogenetic tree of MurC protein sequences taken from Gram-postive (yellow), *Frankia* (light orange), plants (orange), cyanobacteria (light red), Gram negative (red), and *Campylobacter, Helicobacter,* and *Thermotoga (*abbreviated TheCaHe, purple) sequences, with support values of 250 bootstrap iterations. Figure S3: (**a**) Alignment of all MurC sequences to obtain the consensus sequences of Gram Positives, *Frankia* MurC1, Plants, *Frankia* MurC2, Cyanobacteria, Gram-Negatives and the TheCaHe group, using the CLUSTAL Omega algorithm with 25 iterations, trimmed using UGene. (**b**) The consensus sequences for the different groups determined at 75% similarity threshold using UGene, presented using JaIview (Waterhouse, A.M.; Procter, J.B.; Martin, D.M.A; Clamp, M.; Barton, G.J. Jalview Version 2 - a multiple sequence alignment editor and analysis workbench. *Bioinformatics* 2009, *25,* 1189--1191. Figure S4: Tetranucleotide analysis for the identification of genomic islands (GIs). IslandViewer 4 was used to identify GIs in different *Frankia* genomes \[[@B36-genes-11-00432]\]. Predictions of genomic islands in the *Candidatus* Frankia datiscae Dg1 genome (accession number CP002801.1) are shown in a circular visualization, with blocks coloured according to the prediction method: IslandPick (green), IslandPath-DIMOB (blue), SIGI-HMM (orange), Islander (turquoise). Figure S5: Models of MurC protein of Gram positive bacteria, Gram negative bacteria, cyanobacteria, *Frankia,* and plants, using the solved crystal structure of *Haemophilus influenzae* as template (PDB accession number: 1P31), using Consurf software. Conserved sites are illustrated in magenta, less conserved sites in blue. Table S1: Primers used in this study. Table S2: *MurC* protein sequences used in this study.
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![Gene neighbourhood of *murC* genes in the different *Frankia* clusters. Representatives of cluster-1 include *Frankia alni* ACN14a, *Frankia alni* AvcI1, and *Frankia casuarinae* CcI3. Cluster-2 representatives include *Candidatus* Frankia datiscae Dg1, *Candidatus* Frankia datiscae Cm1, *Candidatus* Frankia datiscae Cj1, *Candidatus* Frankia californiensis Dg2, *Candidatus* Frankia californiensis Cv1, *Candidatus* Frankia meridionalis Cppng1, *Frankia coriariae* BMG5.1, and *Frankia coriariae* BMG5.30. Cluster-3 representatives include *Frankia elaeagni* EAN1pec, *Frankia soli* NRRL_B16219, and *Frankia discariae* BCU0110501. Finally, cluster-4 representatives include *Frankia asymbiotica* NRRL B-16386, *Frankia inefficax* Eul1c, *Frankia saprophytica* CN3, and *Frankia* sp. DC12. *MurG,* labelled in light yellow, is used as a reference of the orientation of the different *murC* genes. *MurC1,* labelled in light red, was found in the strains from cluster-2 and cluster-3. *MurC2,* presented in orange, was found in all of the strains from all four clusters. A bioinformatically-predicted open reading frame encoding a nitroreductase family deazaflavin-dependent oxidoreductase, labelled in dark red, was found in cluster-1 and cluster-3. In clusters-1 and -4, *murG* is the last gene in a long operon of genes encoding the enzymes involved in peptidoglycan biosynthesis; in cluster-3, it is the second-to-last gene in this conserved operon. In cluster-2, *murG--murC2--murC1* alone form an operon.](genes-11-00432-g001){#genes-11-00432-f001}

![Heatmap and dendrogram showing the sequence similarity of MurC amino acid sequences from *Frankia* (MurC1 and MurC2); plants, Gram-positive bacteria; Gram-negative bacteria; cyanobacteria; and the outliers *Campylobacter, Helicobacter,* and *Thermotoga* (TheCaHe). Light yellow indicates a low sequence similarity, while increasing darker yellow up to red indicates a higher similarity. All of the sequences used are listed in [Supplementary Table S2](#app1-genes-11-00432){ref-type="app"}.](genes-11-00432-g002){#genes-11-00432-f002}

![Protein structure model of MurC proteins from Gram-positive bacteria, Gram-negative bacteria, *Frankia* MurC1, and *Frankia* MurC2 (illustrated in various shades of orange and yellow) compared with the solved crystal structure of MurC in *Haemophilus influenzae* (illustrated in green), presented from three different angles.](genes-11-00432-g003){#genes-11-00432-f003}

![Relative gene expression levels of *murC1 (*yellow) and *murC2* (red) in nodules induced by *Frankia* strains from cluster-2 (left graph; *Candidatus* Frankia californiensis Dg2 \[[@B14-genes-11-00432]\], *Candidatus* Frankia datiscae Cm1 \[[@B14-genes-11-00432]\], *Frankia coriariae* BMG5.1 \[[@B17-genes-11-00432]\], *Candidatus* Frankia datiscae Dg1 \[[@B15-genes-11-00432]\], and *Candidatus* Frankia meridionalis Cppng1 \[[@B13-genes-11-00432]\]), and in the nodules induced by the in vitro cultivated strain from cluster-3 (right graph; *Frankia discariae* BCU110501 \[[@B22-genes-11-00432]\]). The boxplots represent the mean of three independent biological samples; individual data points are presented by dots. The expression levels were determined by RT-qPCR and normalized against the expression level of the translation initiation factor three (IF-3), *infC*. Significant differences between the expression levels of *murC1* and *murC2,* individually, were found for strains from cluster-2 (student's *t*-test, *p* \< 0.05 indicated by asterisk \*), but not from cluster-3.](genes-11-00432-g004){#genes-11-00432-f004}
